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ABSTRACT
Context. In recent years photodesorption rates have been determined in dedicated laboratory experiments for a number of different
interstellar ice analogues. These rates are important in order to model non-thermal desorption processes that, for example, affect
gas-phase abundances of species and determine the position of photo-induced snow lines in protoplanetary disks. However, different
groups using similar experiments have found significant deviating photodesorption values.
Aims. Here a new measurement concept is introduced that allows photodesorption rates to be determined following a different experi-
mental approach. The potential of this method is demonstrated using the example of pure CO ice, the solid that gives the most striking
discrepancies in the published results.
Methods. The new experimental approach uses laser desorption post-ionisation time-of-flight mass spectrometry. It is based on the
concept that the physical and geometrical properties of the plume obtained by laser induced desorption of the ice directly depend on
the original ice thickness. This allows the ice loss to be determined as function of vacuum ultraviolet (VUV) fluence, which results
in a photodesorption rate. The method has the additional advantage that it records all ice species, including photoproducts generated
by the VUV irradiation. As a consequence, the method introduced here is also suited to determine the overall photodesorption rate of
mixed ices.
Results. The photodesorption rate for CO ice at 20 K has been determined as (1.4 ± 0.7) × 10−3 molecules per incident VUV photon.
This result is compared to existing experimental and theoretical values and the astronomical relevance is discussed.
Key words. ultraviolet: ISM – methods: laboratory: solid state – ISM: molecules – ISM: abundances – molecular processes –
astrochemistry
1. Introduction
Astronomical surveys reveal the presence of gas phase molecules
in dense and cold regions of the interstellar medium (ISM),
where these molecules are expected to be frozen out on top of
(sub-)micron sized dust grains (Piétu et al. 2007; Caselli et al.
2012; Vastel et al. 2014). This observation indicates that an on-
going process must exist that allows these species to form in
the gas phase or that continuously replenishes them from a
solid state reservoir. The latter is more likely, as for CH3OH,
for example, only efficient surface formation routes are known
(Watanabe & Kouchi 2002; Fuchs et al. 2009; Linnartz et al.
2015). Clearly, non-thermal desorption processes are at play.
Various mechanisms have been proposed including cosmic ray
spot heating of the grains (Leger et al. 1985); chemical des-
orption, i.e. desorption due to excess energy of a surface re-
action (Dulieu et al. 2013; Chang & Herbst 2016); and vacuum
ultraviolet (VUV) induced photodesorption. Particularly, photo-
induced desorption processes have attracted considerable inter-
est, starting in 1995 with the experimental measurement of the
photodesorption rate of water ice (Westley et al. 1995a,b) and
? Present address: INAF–Osservatorio Astrofisico di Catania, via
Santa Sofia 78, 95123 Catania, Italy.
more recently (since 2007) for a large number of other ices (an
overview can be found in e.g. Ioppolo et al. 2014).
In cold and dense molecular clouds, the interstellar radiation
field is strongly attenuated due to shielding by dust grains, but
penetrating cosmic rays can excite H2 and the resulting emission
typically peaks at Ly-α wavelengths (Prasad & Tarafdar 1983;
Gredel et al. 1989; Shen et al. 2004). Molecules condensed on
top of cold dust grains or, alternatively, formed in the ice layers
can undergo photodesorption following VUV excitation, trans-
ferring solid state species into the gas phase. Later on in the star
and planet formation sequence, light from the young stellar ob-
ject also becomes important, determining for example the posi-
tion of photo-induced snowlines (Öberg et al. 2015). Therefore,
accurate photodesorption rates are needed to quantify the role
that (inter)stellar radiation has on abundances in the solid state
and gas phase in different astronomical environments, varying
from molecular clouds (Hollenbach et al. 2009) to protoplane-
tary disks (Willacy & Langer 2000; Drozdovskaya et al. 2014;
Walsh et al. 2015).
A large number of extensive laboratory studies has been
reported on the photodesorption behaviour of interstellar ices.
In particular, pure carbon monoxide (CO) ice has been
in the spotlight. The low accretion temperature of CO re-
sults in a coating on top of the ice-covered dust grain.
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Using a H2 microwave discharge lamp emitting at Ly-α and
around 160 nm, Öberg et al. (2007, 2009b) studied the (non-
dissociative) photodesorption of CO ice. The resulting value,
(2.7 ± 1.3) × 10−3 molecules photon−1 measured at 15 K,
was much higher than used at that time in astrochemical
models (Draine & Salpeter 1979; Hartquist & Williams 1990).
Similar experiments by other groups (Muñoz Caro et al. 2010;
Chen et al. 2014; Muñoz Caro et al. 2016) found deviating and
even higher values in the 10−2 to 10−1 molecules per pho-
ton range. A possible explanation for these deviations was
searched for in the spectral emission pattern of the used
broad-band light sources that turned out to be more sensi-
tive on the parameter settings than assumed (Chen et al. 2014;
Es-sebbar et al. 2015; Ligterink et al. 2015). This assumption
was in line with wavelength dependent CO photodesorption
rates recorded at the DESIRS beamline of the SOLEIL syn-
chrotron facility (Fayolle et al. 2011) that showed that the
photodesorption of CO follows a wavelength dependent des-
orption induced by electronic transition (DIET) mechanism
that is found to be more effective around 160 nm than at
Ly-α. The CO photodesorption rate furthermore strongly de-
pends on the deposition temperature, as has been discussed
by several groups (Öberg et al. 2009b; Muñoz Caro et al. 2010,
2016). In parallel, many more studies have been performed
on other pure ices, including H2O, N2, CO2, O2(O3), and
CH3OH, as well as a few mixed ices, CO:N2, CO:H2O, and
CO:CH3OH (Öberg et al. 2009a; Hama et al. 2010; Chen et al.
2011; Bahr & Baragiola 2012; Bertin et al. 2012, 2013, 2016;
Fayolle et al. 2013; Yuan & Yates 2013; Fillion et al. 2014;
Zhen & Linnartz 2014; Martín-Doménech et al. 2015). In many
of these studies it became clear that upon VUV photolysis,
molecules not only photodesorb, but may also be involved in
photo-induced reactions (Öberg 2016) substantially complicat-
ing the analysis, as photoproducts may photodesorb as well (see
e.g. the discussion on O2 and O3 photodesorption upon VUV ir-
radiation of O2 ice in Zhen & Linnartz 2014). A number of
theoretical studies (Galloway & Herbst 1994; Dzegilenko et al.
1995; Andersson et al. 2006; Andersson & van Dishoeck 2008;
Arasa et al. 2010, 2011, 2015; van Hemert et al. 2015) have fo-
cused on the molecular processes at play, confirming the high
level of complexity involved.
In the majority of the above-mentioned laboratory studies,
photodesorption rates have been obtained using two different
methods, based on IR (transmission or reflection) spectroscopy
or mass spectrometry (Ioppolo et al. 2014). In the first case a
decreasing IR signal reflects the loss in surface abundance of
molecules that is monitored as a function of VUV fluence, while
in the second case the gas-phase abundance of the desorbing
species is measured. Both methods allow quantitative values to
be derived because both IR and mass signals can be linked to ab-
solute molecule numbers. Infrared spectroscopy only allows the
monitoring of polar species. A decreasing IR signal with time
reflects the loss rate of a specific molecule upon irradiation, but
does not differentiate between a signal decrease because of a di-
rect photodesorption process or because of a decrease in the pre-
cursor abundance due to a photochemical process. In this case
photodepletion is a better way of describing the processes taking
place. Moreover, for larger molecules spectral congestion and
spectral overlaps cause additional problems. Mass spectrome-
try overcomes many of these problems; however, the conversion
between gas phase mass signals and absolute photodesorption
rates is challenging. In the present study, the photodesorption of
pure CO ice is reinvestigated using a new experimental concept.
By means of laser desorption, complete desorption of the ice is
realised at the laser spot. The resulting desorption plume is char-
acterised for a series of different extraction times using electron
impact ionisation in conjunction with time-of-flight mass spec-
trometry. The absolute intensity of specific mass to charge (m/z)
signals provides information on the thickness of the ice at a spe-
cific time (i.e. for a specific fluence), while each time-of-flight
spectrum contains information of the possible photoproducts.
This measurement concept is explained in detail in the next sec-
tion. The applications are illustrated in Sect. 3 and are discussed
in Sect. 4, along with their astronomical relevance.
2. Experimental methods
2.1. Experimental set-up
The experiments have been carried out in our ultra-high vacuum
(UHV) set-up MATRI2CES, described in detail in a previous
publication (Paardekooper et al. 2014). Briefly, MATRI2CES
consists of two different UHV chambers, a main chamber and
a time-of-flight chamber. The base pressure of these chambers is
in the 10−10 mbar range. The main chamber hosts a gold-coated
Cu substrate in thermal contact with a closed-cycle He cryo-
stat, enabling substrate temperatures down to 20 K. The abso-
lute temperature accuracy is better than ±1 K, while the rela-
tive precision is ±0.25 K. The cryostat is mounted on top of
two translators (x, z) which enable us to systematically probe
different surface spots. The vertical (z) translation stage is fully
motorised. Control of substrate temperature is achieved using a
resistive heater element, a thermocouple and a Lakeshore tem-
perature regulator. Ices can be grown on top of the cold substrate
by leaking in gas-phase species through an all-metal needle valve
attached to a capillary. CO gas has been used without further pu-
rification (CO, 4.7 Praxair).
The deposition rate of the individual species is determined
by HeNe laser interference measurements. Details of this pro-
cedure are provided in Sect. 2.2. Photodesorption of the ice
is induced using VUV photons produced by a microwave
H2 discharge lamp. The lamp (borosilicate) has a F-type design
(Ligterink et al. 2015), and is evacuated using a scroll pump. The
plasma is powered by a Sairem microwave generator using an
Evenson cavity. The plasma is ignited using a high frequency
generator. Typical settings amount to 0.85 mbar of H2 and 80 W
of applied microwave power. This lamp directly faces the ice
sample through an UHV compatible MgF2 window that is posi-
tioned 14 cm from the substrate. The VUV flux calibration pro-
cedure is described in Sect. 2.3.
The used detection scheme is based on laser desorption post-
ionisation time-of-flight mass spectrometry (LDPI TOF-MS).
The desorption of the ice sample is induced using the unfo-
cused, skimmed beam (∼1 mm) of the third harmonic of a
Nd:YAG laser (355 nm, 4−5 ns). The pulse power of the laser
is reduced using an attenuator, resulting in a typical laser pulse
energy of ∼35 mJ cm−2, ensuring a localised and complete des-
orption of the ice only at the impacting spot. Subsequently, the
desorbed species are ionised by electrons with a mean energy
of 70 eV using an electron impact ionisation source. The gener-
ated ions are extracted by ion optics, situated in close vicinity of
the cold substrate and directed into the time-of-flight chamber.
The ions drift and are separated based on their mass to charge
(m/z) ratios, after which they are detected by a Micro Channel
Plate (MCP) detector. The resulting signal is then digitised by a
data acquisition (DAQ) card.
Complete desorption of the ice at the laser spot is needed to
guarantee that the desorption plume contains all the information
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about the original ice thickness of the sample. The detailed char-
acterisation of the plume structure is performed in the following
way. After each laser pulse, the extraction grid is triggered se-
quentially every 20 µs (pulse width = 1 µs) and a single time-
of-flight spectrum is recorded. This single spectrum contains in-
formation of different parts of the desorption plume. By chang-
ing the relative timing between the first extraction trigger and
the laser pulse from 0, 5, 10, to 15 µs, the complete plume
structure with 5 µs resolution can be unravelled. The timing se-
quence is obtained using two coupled pulse generators (DG535,
Stanford Research Systems) running at 10 Hz and 50 kHz. The
lower frequency triggers the laser (flash lamp and Q-switch)
and the acquisition of the DAQ card. The higher frequency trig-
gers the extraction grid multiple times during every cycle of the
lower frequency pulse generator. In parallel, the vertical trans-
lator moves down with constant velocity, while different spots
of the sample are hit by laser pulses inducing desorption. A to-
tal of 44 time-of-flight traces are obtained for each extraction
time (0, 5, 10, and 15 µs). Next to the multi-extraction trig-
ger TOF spectrum described above, TOF spectra with enhanced
signal-to-noise ratio (S/N) can be obtained using a single extrac-
tion trigger. A custom-made LabVIEW routine controls the full
experimental procedure including the data acquisition.
2.2. Deposition rate calibration
The deposition rate of CO has been determined using HeNe-
laser interference measurements (Baratta & Palumbo 1998;
Bossa et al. 2015). An intensity stabilised HeNe-laser (Thor-
labs HRS015) is used as a light source. The laser beam is po-
larised by means of a transmissive s-polariser and aimed at the
sample with a 1.19◦ (θ0) incident angle. The reflected beam is
recorded by a photodiode (Thorlabs PDA36A), using an oscillo-
scope to digitise the signal (Tektronix 2022B). A custom-made
LabVIEW program is used to record both time and photodiode
signal.
The deposition rate (Γ in molecules cm−2 s−1) is determined
by combining Eqs. (1) and (2) (Bouilloud et al. 2015).
d =
λ
2n1/n0 · cos(θ f ) (1)
Γ =
d · ρ · Na
M · t , (2)
where d corresponds to the thickness increase during subsequent
interference maxima in nm, λ is the wavelength of the laser
(632.8 nm), n0 and n1 are the refractive indices of vacuum and
ice, θ f is the angle of refraction in the ice in degree, ρ is the den-
sity in g cm−3, Na is Avogradro’s constant (6.022 × 1023 mol−1),
M is the molar mass of the species, and t is the time in seconds.
In this way, for carbon monoxide ice growing at 20 K, a de-
position rate is obtained of 1.7 × 1013 molecules cm−2 s−1 using
a density of 0.80 g cm−3 and n1 = 1.27 (Roux et al. 1980). It is
important to note that throughout this article the ice thickness
has been converted to the surface coverage, in molecules cm−2,
which has the same dimensions as a column density.
2.3. Photon flux calibration
As stated before CO has different photodesorption rates for dif-
ferent wavelengths and therefore it is important to know the
spectral energy distribution (SED) characteristics of the lamp.
Therefore, the SED of the microwave powered H2-discharge
lamp is used as characterised recently, using an absolute cali-
brated VUV spectrometer (Ligterink et al. 2015). The resulting
spectrum has been presented in Paardekooper et al. (2016). The
emission profile predominately contains photons at Ly-α and
also has contributions from molecular hydrogen at 160 nm. The
photon flux at sample distance has been measured using a 1 cm2
National Institute of Standards and Technology (NIST) cali-
brated AXUV-100 photodiode. The photocurrent is determined
with a Keithley 485 picoammeter. It should be noted that not
only the Ly-α and 160 nm emissions, but also visible photons
can contribute to the observed photocurrent. In order to deconvo-
lute the contribution of the latter, the emission of a sealed plasma
lamp has been measured with the same plasma conditions. The
sealed plasma lamp absorbs all VUV photons (λ < 300 nm), and
has a transmittance of (90 ± 3)% in the visible regime.
Both the SED of the discharge lamp and quantum efficien-
cies at different wavelengths of the NIST photodiode are known.
Therefore, the effective quantum efficiency can be determined.
The VUV photon flux is then derived as:
F(λ) =
i(λ)
e · (λ) (3)
with i(λ) the photocurrent (resulting from VUV photons) in Am-
pere, e the electron charge (1.602 × 10−19 C), and (λ) the quan-
tum efficiency, i.e. electron per exposed photon. At sample loca-
tion, the VUV flux for the settings given before, is determined to
be (2.3 ± 0.4) × 1014 photons cm−2 s−1.
2.4. Detection scheme
The plume structures are recorded using a multi-trigger time-
of-flight scheme for different surface coverages (e.g. different
deposition times). These calibration measurements allow us to
directly link plume structures to the surface coverages. In the
case of CO, the plume structures have been recorded for surface
coverage, ranging from 4× 1015 to 8× 1015 CO molecules cm−2.
Subsequently, a fresh ice with a surface coverage of 8 ×
1015 CO molecules cm−2 ice is prepared and then processed
using VUV photons produced by the H2 discharge lamp. The
VUV photons induce desorption following a constant parame-
ter defined by the photodesorption rate. The plume structure re-
sulting upon laser desorption is measured after different times,
i.e. at different VUV fluence, from which the surface coverage
can be unravelled. After photo-processing the ice, different col-
umn positions can be selected by shifting the horizontal trans-
lator (x). Between subsequent measurements, the sample is re-
turned to the reference position in order to guarantee full overlap
between VUV photons and the ice sample. In an area where the
ice growth is homogenous, four columns are selected for plume
profile characterisation.
Combined with the VUV photon flux measurement, this al-
lows the quantitative determination of the photodepletion rate.
At this stage it is important to discriminate explicitly be-
tween photodesorption and photodepletion. Photodesorption is
defined as the mechanism where molecules in the ice evaporate
(in)directly upon absorption of a VUV photon, whereas pho-
todepletion also takes into account the effect of photochemistry.
In the case of CO the role of photochemistry will be limited,
given the high binding energy. Even though negligible on the fi-
nal photodesorption value, the process can be visualised with our
new approach, as will be discussed later. Compared to regular
photodesorption studies using IR spectroscopy and quadrupole
mass spectrometry, this approach has the additional advantage
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Fig. 1. Time-of-flight spectrum of laser induced
desorbed CO ice (8 × 1015 molecules cm−2) us-
ing multiple extraction pulses with a spacing of
20 µs. The inset shows two sequential extrac-
tions including the mass calibration. This spec-
trum is the sum of 44 individual spectra.
that all ice constituents present in the ice can be traced. The
plume structure contains direct information of the surface cov-
erage of the ice, while at the same time other products resulting
from photochemistry are detected. This provides a generally ap-
plicable method to determine the photodesorption rate of mixed
ices as well. This is not that relevant for CO, as pure CO ice
is expected to exist in interstellar ices, until it gets mixed with
hydrogenation products such as H2CO and CH3OH (Fuchs et al.
2009; Cuppen et al. 2010). Many other species are expected to
exist only in intimately mixed geometries. In this respect, the
present technique is different to the previously used RAIRS; it
has the advantage that all species formed in the ice (including
species invisible for RAIRS) can be monitored in the diagnos-
tic step, i.e. the plume with desorbed species contains not only
the precursor, but also those species formed upon VUV irradia-
tion. This does not provide direct information on the desorbing
species, but it characterises the initial and final species present
in the ice.
3. Results
3.1. Plume characterisation of laser desorbed CO ice
Figure 1 shows a typical time-of-flight trace obtained using mul-
tiple extraction pulses of CO ice with a substrate coverage of
8 × 1015 molecules cm−2. Compared to previous measurements
on MATRI2CES the S/N for these spectra is lower; this is a
direct result of the increased number of extraction pulses per
time-of-flight spectrum combined with fewer averages per spec-
trum. Since the number of extraction pulses has increased, more
ions are allowed to enter the time-of-flight chamber, leading to
a higher noise level. The desorbed species are ionised using the
electron impact ionisation source, which leads to both ionisation
and dissociation of the species. In the case of CO, the number of
resulting species is limited and this results in CO+, C+, and O+.
As shown in the inset of Fig. 1, all these ions are observed within
each individual extraction pulse.
By changing the relative timing of the laser and the extrac-
tion pulse, the complete desorption profile of the plume can
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Fig. 2.Upper panelA): plume profiles observed for m/z = 28 for differ-
ent CO substrate coverage ranging from 4× 1015 molecules cm−2 to 8 ×
1015 molecules cm−2 upon laser induced desorption. Lower panel B):
integrated area of m/z = 28 of the complete plume profiles for the cor-
responding surface coverage (same colour coding).
be characterised. In Fig. 2A the plume profiles for different
CO substrate coverages are depicted. The plume profiles are de-
scribed well using a time dependent Boltzmann equation:
S (t,Ttrans) = A · t−4 · e
−m·r2
2·kb ·t2 . (4)
Here A is a scaling factor, Ttrans the translational energy,
t the time, m the mass of the molecule, r the distance trav-
elled, and kb the Boltzmann constant (DeSimone et al. 2013).
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Fig. 3. Substrate coverage of CO (left axis), and thickness of the CO ice
(right axis) as a function of different VUV fluence. The results for five
experiments, starting from different initial thicknesses are shown, and
for clarity have been horizontally shifted around the fitted line that is
the resulting average of the photodesorption rates of these independent
measurements. The photodepletion of CO ice at 20 K can be determined
by a linear fit. Surface coverage has been determined with Eqs. (1)
and (2), with n = 1.27 and ρ = 0.80 g cm−3.
Assuming that most ions originate from the centre of the
extraction optics (±2.5 mm), the translation energy ranges be-
tween (2 ± 1) × 102 K.
Using the calibration of the plume profiles for different val-
ues of CO surface coverage presented in Fig. 2B, it is now pos-
sible to determine the remaining surface coverage of CO ice for
different VUV fluences.
3.2. Photodesorption of CO ice at 20 K
Figure 3 shows an overview of the experiments performed to de-
rive the CO photodepletion rate using this method. The substrate
coverage of CO molecules at different VUV fluences are shown.
For clarity the experiments covering different thickness regimes
are presented with a horizontal offset to be aligned. Previous
studies have reported that the top ∼4 to 6 monolayers (1 ML =
1015 molecules cm−2) play a role in the photodesorption pro-
cess (Muñoz Caro et al. 2010; Fayolle et al. 2011). Below this
substrate coverage, the photodesorption rate drops, and therefore
the main set of our experiments is performed in a range where
the photodesorption rate is expected to be constant, i.e. for sur-
face coverage above 4 ML.
The slope of Fig. 3 represents the CO photodepletion rate.
Combining all experiments, a photodepletion rate of (1.4±0.7)×
10−3 molecules photon−1 at 20 K is obtained. This includes other
loss channels, such as photochemistry leading to the forma-
tion of CO2. Following the time-of-flight mass spectra we can
conclude that typically less than 2% of the initial CO is con-
verted to CO2 after being processed by a photon fluence of 5 ×
1018 photons cm−2. This is a minor channel, and negligible given
the large relative error (50%) in the final photodesorption rate.
4. Discussion and astrophysical implications
A correct quantification of the photodesorption rate of species
is important as it determines the balance between gas and solid
phase molecular reservoirs in astronomical environments such
as dense clouds. It is also needed for the interpretation of
Fig. 4. Panel A): wavelength dependent photodesorption of CO ice
at 18 K (Fayolle et al. 2011); panel B): normalised VUV spectrum
(integrated area = 1) measured with the absolute VUV spectrome-
ter described in Ligterink et al. (2015); panel C): multiplication of
panel A) and B) representing the photodesorption expectance based on
the VUV spectrum of the H2 lamp. Integration of the curve in panel C)
provides the estimate of the CO photodesorption rate at 18 K based on
the spectral characteristics of the applied VUV-lamp.
astronomical observations such as the position of photo-induced
snow lines and as input for astrochemical modelling.
4.1. Overview of the CO photodesorption rates
With the use of IR spectroscopy and/or mass spectrome-
try, the photodesorption rate for CO ice has been measured
in a number of studies since 2007 yielding values from
10−1 to 10−3 molecules photon−1 (Öberg et al. 2007, 2009b;
Muñoz Caro et al. 2010, 2016; Chen et al. 2014). Wavelength
dependent photodesorption studies of CO ice at 18 K using syn-
chrotron radiation have unveiled also information about the un-
derlying process, illustrating that it follows a DIET mechanism,
and providing monochromatic photodesorption rates for the first
time (Fayolle et al. 2011).
This has strengthened the idea that it is important to know
the MW plasma lamp SED characteristics that apply to a spe-
cific photo irradiation experiment. Recently, photodesorption ex-
periments have been performed with fully characterised SEDs
of the VUV lamp (Chen et al. 2014), but they are still not
able to explain the difference in reported photodesorption rates
(Ligterink et al. 2015).
Several other causes for the observed deviations have been
considered. Different studies have used different methods for the
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Fig. 5. Overview of all the experimental
CO photodesorption studies, the colour code
refers to the deposition and photolysis tempera-
ture (with the exception of ö1, 27 K/16 K). Most
studies are performed with a discharge lamp,
while Fayolle et al. (2011) use synchrotron ir-
radiation as VUV source (f1 = 10.2 eV, f2 =
11.2 eV, f3 = 9.2 eV, f4 = 8.2 eV). Flux calibra-
tion; filled symbols: NIST photodiode; empty
symbols: actinometry. Detection technique; tri-
angles: RAIRS; circles: FTIR; square: LD TOF-
MS. The labelling of Chen et al. (2014): c1,
c2, c3, and c4 refer to different running con-
ditions of the discharge lamp resulting in dif-
ferent SEDs, while the labelling of the present
study refers to the direct measurement (p1) or
the indirect measurement (p2) based on the
SED of the lamp and wavelength dependence of
CO photodesorption from Fayolle et al. (2011)
(see Fig. 4).
VUV flux calibration based on either actinometry or NIST cali-
brated photodiodes, and this may have lead to systematical off-
sets. It is possible that visible light from the H2 plasma was not
fully subtracted, artificially increasing the VUV flux. In addi-
tion, it has been observed that the MgF2 windows that are com-
monly used as a vacuum seal between microwave discharge lamp
and UHV set-up, degrade with time, specifically blocking the
Ly-α light, i.e. an older window may influence the SED impact-
ing on the ice. These problems concern instrumental issues and,
in addition, also the interpretation of data is not straightforward
as photoexcitation by VUV photons can induce both photodes-
orption and/or photochemistry. For CO ice this effect is negligi-
ble; the photodepletion signal is very close to the photodesorp-
tion value, as discussed before. However, this does not apply to
other species, as has recently been illustrated for methanol ice
(Bertin et al. 2016). The photodissociation of methanol yields
radicals in the ice which can result in photochemistry or, alterna-
tively, the fragments may undergo photodesorption directly after
their formation. Finally, the exact ice conditions – ice thickness,
ice deposition temperature, and ice morphology – also play a
role. For CO ice, Öberg et al. (2009b) observed an ice depo-
sition temperature dependence, as recently confirmed and ex-
tended over a wider range (7 to 20 K) by others, who concluded
that this can be linked to the level of CO dipole orientation within
the amorphous state (Muñoz Caro et al. 2010, 2016).
This all makes it hard to decide which photodesorption value
is best to use in astrochemical models. This is already true in the
case of the largely non-dissociative photodesorption of solid CO;
for other species that dissociate upon VUV irradiation the anal-
ysis is even more complex.
Thus, for these reasons it is interesting to look for possibil-
ities to link different methods or to use alternative approaches
like the one introduced here. In the first case, for example, the
recently investigated SED of the MW H2 lamps (Ligterink et al.
2015) can be linked with the wavelength dependent information
obtained by Fayolle et al. (2011). By multiplying the CO pho-
todesorption spectrum (Fig. 4A) and the SED of the lamp used
in present study (Fig. 4B), we find a wavelength dependent
photodesorption expectance (Fig. 4C). Subsequent integration
of this spectrum yields a photodesorption rate, based on the
expected SED of the lamp. This results in a photodesorption
rate of (10 ± 7) × 10−3 molecules photon−1. The error here is
large, as this value is derived by combining the results from
two stand-alone experiments. The application of the alterna-
tive experimental approach, as introduced in this paper, yields
a photodesorption rate for CO ice at 20 K of (1.4 ± 0.7) ×
10−3 molecules photon−1. This value is not too far off from ear-
lier experiments (Öberg et al. 2007, 2009b) and it is in decent
agreement with recent molecular dynamics simulations focus-
ing on CO photodesorption; van Hemert et al. (2015) predicted
a photodesorption probability of 4 × 10−3 molecules photon−1,
but the value is about one decade off compared to experimen-
tal rates reported earlier but typically for conditions that are not
fully identical (see Fig. 5).
5. Conclusion
This study characterises the photodesorption rate for CO ice at
20 K, using a new experimental concept. Compared to the estab-
lished techniques, the method has the extra advantage that the
complete ice composition and thickness of the original ice can
be derived upon VUV irradiation, which means that both pho-
todesorption and photochemical processes can be quantified.
We have demonstrated the feasibility of this concept on
the example of CO ice at 20 K. We have observed that the
CO2 formation channel is minor to negligible. The photodes-
orption rate of CO ice at 20 K is determined as (1.4 ± 0.7) ×
10−3 molecules photon−1. The 50% uncertainty of this value
is rather high, but not uncommon; most reported photodesorp-
tion rates have been determined with errors of the order of
30%. The resulting photodesorption value is in decent agree-
ment with previously reported results for similar conditions. It
is clear that for pure CO ice, photodesorption rates are in the
10−3 to 10−2 molecules photon−1 range and that at least part of
the deviating results can be explained by different experimental
settings. For astrochemical models it is particularly important to
take into account the deposition temperature; several of the val-
ues reported in the literature are measured for values that may be
too low to be astrochemically relevant.
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